Tolvaptan In vitro metabolism LC-MS/(MS) Anti-Doping analysis Drug-drug interactions Azole antifungals a b s t r a c t Phase I and phase II biochemical reactions involved in the biotransformation pathways of tolvaptan were characterized by LC-MS-based techniques and in vitro models to identify the most appropriate marker(s) of intake. The effects of physiological and non-physiological factors on the metabolic profile of tolvaptan were also evaluated. In vitro approaches were based on the use of pooled human liver microsomes and recombinant isoforms of cytochrome P450 and uridine diphospho glucuronosyl-transferase.
Introduction
Vaptans are a relatively new class of pharmacologically active drugs designed and synthesized to overcome problems associated with the use of peptide arginine vasopressin antagonists. They selectively antagonize the action of vasopressin at its receptor sub-increase the excretion of free water (aquaresis) without losses of electrolytes or worsening of the renal function [1, [9] [10] [11] . Indeed, tolvaptan works by inhibiting the arginine vasopressin-induced water reabsorption in the kidney, competitively blocking the binding of arginine vasopressin to vasopressin V2 receptors [1, [9] [10] [11] . For the above characteristics, tolvaptan is mainly used in therapy, when the treatment by classical diuretics is ineffective, for the treatment of euvolaemic and hypervolaemic hyponatraemia and for specific disorders such as cirrhosis and congestive heart failure [1, [9] [10] [11] .
In sport, athletes might, instead, choose to illicitly use tolvaptan and/or other selective vasopressin V2 receptor antagonists (e.g. lixivaptan, mozavaptan and satavaptan) for four main reasons: (i) to flush, by forced diuresis, other prohibited substances previously taken (ii) to increase the urinary flow, with the consequent dilution of the concentration of prohibited compounds in urine (iii) to relieve the water retention induced by long treatments with anabolic androgenic steroids, and finally (iv) to achieve acute weight loss, especially in those sports where athletes are competing in different weight categories [12, 13] . For the above reasons, vaptans were included in 2014 in the section S5 "Diuretics and masking agents" of the list of substances and methods that are prohibited in sport by the World Anti-Doping Agency (WADA) [14] . It has to be highlighted that whenever a new class of substances is included in the aforementioned list, the primary activity of the WADA-accredited anti-doping laboratories is to develop and to validate effective analytical strategies for the detection of the newly prohibited drug(s). Each analytical method has to be applied worldwide, under ISO 17025 accreditation, by all WADAaccredited laboratories. Clearly, apart from the analytical aspects, the knowledge of the metabolism/degradation and of the rate and route of elimination of any new doping drug is necessary to select the most appropriate biological fluid, timing of sample collection, and diagnostic marker(s) to identify the illicit use of the prohibited drug. The analytical target, provided it is excreted as such in detectable amounts and for a sufficiently long period, can be the parent drug itself, one (or more) of its metabolites, in the case the drug undergoes an extensive metabolic biotransformation before being excreted; or finally, the drug itself and one (or more) of its metabolites, if the drug undergoes a moderate biotransformation before being excreted.
Based on the above, a preliminary literature search revealed that tolvaptan is rapidly absorbed after oral intake. After administration of therapeutic doses (usually in the range 15-30 mg a day), its plasma concentration reaches the maximal values after 2-3 h and then decreases in an exponential way, being completely cleared from the body within the first 24 h [15] [16] [17] [18] . In addition to this, tolvaptan is also highly bound to plasma proteins (80-99%) and the elimination occurs mainly in the faeces, with 10-40% of the administered dose excreted in the urine (1% as parent compound, the rest as metabolites) [15] [16] [17] [18] . Literature data indeed report that tolvaptan is extensively biotransformed in the liver via CYP3A4 isoenzyme to form oxidized, carboxylated and hydroxylated metabolites. Furukawa et al. [19] described nine phase I metabolites of tolvaptan (an oxidized metabolite, three hydroxylated metabolites on the benzazepine ring, a hydroxylated oxidized metabolite, a hydroxylated metabolite with a cleaved benzazepine ring, a hydroxylated oxidized metabolite with a cleaved benzazepine ring and two carboxylated metabolites) in rat serum. Rzeppa et al., focusing on the same nine metabolites, reported that after the intake of a single dose of tolvaptan (15 mg, Samsca TM ) by one male subject, the most abundant compounds found in urine were the hydroxylated and the carboxylated metabolites [20] . To the best of our knowledge, no similar data are yet available on phase II metabolism.
Gender depending differences were also reported in the serum concentration-time profiles for tolvaptan and its metabolites in rats: the carboxylated oxidized metabolite was found in higher levels than tolvaptan in male rats, whereas this evidence was reversed in female rats, where the serum concentration of tolvaptan was found to be higher than that of its main metabolites [19] . To the best of our knowledge, no similar data are yet available in humans.
Due to the scarce information regarding the metabolism of vaptans, we aimed to extend data on the phase I metabolic profile of tolvaptan and to investigate phase II metabolism with the aim to identify class-specific metabolic pathways and design a methodological approach to apply also to the study of the metabolism of other vaptans and consequently to develop appropriate analytical procedures to detect them in human urine. Alterations in the activity of the enzymatic systems involved in the metabolic reactions of tolvaptan as a consequence of physiological (gender and genetic polymorphism) or non-physiological (metabolic drug-drug interactions) factors were also considered, to assess the potential changes of the metabolic profile both from a qualitative point of view (i.e. formation of different metabolites) and from a quantitative one (amount/time of production of the different metabolites) [21] [22] [23] [29] [30] [31] [32] . This information will be useful to further refine the selection of the most appropriate marker(s) of administration also in the presence of potential confounding factors (e.g., antifungals) [21] [22] [23] .
Given the difficulty in obtaining permission to perform excretion studies on humans (and especially those involving the co-administration of two or more active principles), our experiments were based on in vitro approaches, using human liver microsomes (HLM) and/or isolated cytochrome P450s (CYP) and uridine diphospho glucuronosyl transferase (UGT) recombinant isoforms. The metabolic profile of tolvaptan, either in the absence or in the presence of other pharmacologically active compounds, was finally characterized by LC-MS/MS, using triple quadrupole and/or time of flight mass analyzers in different acquisition modes.
Experimental

Chemicals and reagents
The pharmacologically active compounds tested in this study (i.e. tolvaptan, ketoconazole, econazole, miconazole, tioconazole, gestodene, levonorgestrel, and relcovaptan, used as internal standard) were all supplied by Sigma-Aldrich (Milano, Italy).
The reagents (formic acid, acetic acid, ammonium formate, ammonium acetate, sodium phosphate, sodium hydrogen phosphate, acetonitrile, methanol, dimethylsulfoxide (DMSO) and tert-butyl methyl-ether) were all of analytical grade and provided by Sigma-Aldrich (Milano, Italy). The ultrapurified water used was of Milli-Q-grade (Millipore Italia, Vimodrone, Milano, Italy).
The enzyme ␤-glucuronidase (from E. coli) used for the enzymatic hydrolysis of glucurono-conjugates, was purchased from Roche (Monza, Italy).
The enzymatic proteins (all UGT and CYP recombinant isoforms, as well as all HLM, these being those pooled from 20 Caucasian mixed male and female donors of different ages, those from female donors only and those from male donors only), as well as all the reagents (sodium phosphate and tris-HCl buffers, magnesium chloride hexahydrate , uridine 5 -di-phospho-␣-d-glucuronic acid, alamethicin, glucose-6-phosphate, glucose-6-phosphate dehydrogenase, nicotinamide adenine dinucleotide phosphate and CYP450 oxidoreductase) used for the in vitro metabolism experiments were purchased from BD Biosciences (Milano, Italy). HLM containing the different CYP3A5 allelic variants (without activity CYP3A5 *3*3, moderate activity CYP3A5 *1*3 and high activity CYP3A5 *1*1) were purchased from XenoTech (Kansas City, USA).
The single recombinant enzymatic isoforms considered in this study were the following: for the phase I (CYP-catalzyed) metabolism CYP1A2, CYP3A4, CYP3A5, CYP2B6, CYP2C8, CYP2C9, CYP2C19 and CYP2D6; and for the phase II (UGT-catalyzed) metabolism UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A10, UGT2B4, UGT2B7, UGT2B10, UGT2B15 and UGT2B17. (30, 60, 120, 240, 480 and 720 min) were evaluated. The final incubation medium also contained 3.3 mM magnesium chloride, 1.3 mM NADP + , 3.3 mM glucose-6-phosphate and 0.4 U/mL glucose-6-phosphate dehydrogenase in a total volume of 250 L. Samples were pre-warmed at 37 • C for 5 min and the phase I reactions were started with the addition of the appropriate enzymatic proteins (either HLM or CYP recombinant isoforms). After incubation at 37 • C, 250 L of icecold acetonitrile were added to stop the phase I reactions. The samples were then transferred into an ice bath for further precipitation of the proteins in the assay medium. The precipitate was subsequently separated from the supernatant by centrifugation at 21,000g (15,000 rpm) at room temperature for 10 min. Each set of assays also included a negative control sample, containing all reaction mixture components except the enzymatic proteins, to monitor the potential non-enzymatic reactions within the incubation period. Each incubation was processed in triplicate.
Phase II metabolism
To study glucuronidation reactions, 8 mM magnesium chloride and 25 g/mL of alamethicin were added to the phase I reaction mixture described above. The phase I reactions were then initiated by adding HLM. After 10 min at 37 • C, 2 mmol of the cofactor uridine 5 -di-phospho-␣-d-glucuronic acid were added and the phase II metabolism was run at 37 • C. The overall reaction was terminated by the addition of 250 L of ice-cold acetonitrile. The samples were then transferred into an ice bath for further precipitation of the proteins in the assay medium. The precipitate was subsequently separated from the supernatant by centrifugation at 21,000g (15.000 rpm) at room temperature for 10 min. Each incubation was processed in triplicate.
To characterize the UGT isoenzymes involved in the phase II metabolism of tolvaptan, the metabolites formed using the phase I protocol reported above were extracted and incubated in 250 L of 100 mM phosphate buffer (pH 7.4) containing 8 mM of magnesium chloride, 25 g/mL of alamethicin and 2 mM of the cofactor uridine 5 -di-phospho-␣-d-glucuronic acid. The reactions were initiated by adding the UGT recombinant isoforms considered in this study separately. The reaction medium was then incubated at 37 • C. The overall reaction was terminated by the addition of 250 L of ice-cold acetonitrile. The samples were then transferred into an ice bath for further precipitation of the proteins in the assay medium. The precipitate was subsequently separated from the supernatant by centrifugation at 21,000g (15,000 rpm) at room temperature for 10 min. All incubations were performed in triplicate.
Sample preparation for the instrumental analysis
Sample pre-treatment was based on protocols already used in our laboratory to perform routine analyses [24] . Briefly, to the samples obtained by the in vitro experiments, 1.5 mL of phosphate buffer (1 M, pH 7.4), 50 L of the internal standard (ISTD: solution of relcovaptan 10 g/mL) were added and the liquid/liquid extraction was carried out with 7 mL tert-butylmethyl ether for 6 min on a mechanical shaker. After centrifugation the organic layer was transferred to a 10 mL tube and evaporated to dryness under nitrogen stream at 25 • C. The residue was reconstituted in 50 L of mobile phase and an aliquot of 10 L was injected on the liquid chromatography-mass spectrometry systems (for the detection of phase I metabolites).
In the case of phase II metabolism studies, samples were also subject to an enzymatic hydrolysis step: to the aqueous layer 50 L of ␤-glucuronidase from E. coli and 50 L of the internal standard (ISTD: solution of relcovaptan10 g/mL) were added and the sample was incubated for 1 h at 55 • C. After hydrolysis, 7 mL of tertbutylmethyl ether were added and the liquid/liquid extraction was carried out for 6 min on a mechanical shaker. After centrifugation, the organic layer was transferred to a 10 mL tube and evaporated to dryness under nitrogen stream at 25 • C. The residue was reconstituted in 50 L of mobile phase and an aliquot of 10 L was injected on the liquid chromatography-mass spectrometry system.
Instrumental analysis 2.4.1. Liquid chromatography conditions
All LC experiments were performed using an Agilent 1200 Rapid Resolution Series HPLC pump with binary gradient system and automatic injector (Agilent Technologies S.p.A, Cernusco sul Naviglio, Milano, Italy). Reversed-phase liquid chromatography was performed evaluating different mobile phases compositions (methanol/water or acetonitrile/water) and modifiers (formic or acetic acid and ammonium formate or acetate), column temperatures (20, 30, 40 and 60 • C), lengths (5, 10 and 15 cm) and particle characteristics and sizes (5, 3.5 and 2.7 m).
Triple quadrupole conditions
Experiments were performed using a triple quadrupole instrument (API4000 ABSciex, Monza, Italy) with positive and negative electrospray ionization (ESI). The experiments were performed using multiple reaction monitoring (MRM) as acquisition mode, employing collision-induced dissociation (CID) using nitrogen as collision gas at 5.8 mPa, obtained from a dedicated nitrogen generator system (Parker-Balston model 75-A74, CPS Analitica Milano, Italy) ensuring gas purity at 99.5% or higher. The mass spectrometric parameters (declustering and needle voltages, gases pressure, source temperature, collision cell exit potential and collision energy) were optimized by infusion of the standard solution of tolvaptan at a concentration of 10 g/mL. To this purpose, a 1 mL syringe operated by a syringe pump at a flow-rate of 10 L/min was utilized. All aspects of instrument control, method setup parameters, sample injection and sequence operation were controlled by the Analyst software version 1.6.1.
Time-of-flight (TOF) conditions
High-resolution/high-accuracy measurements were performed on an Agilent Technologies 6520 orthogonal acceleration time-offlight mass spectrometer (Agilent Technologies S.p.A, Cernusco sul Naviglio, Milano, Italy), equipped with an electrospray ionization (ESI) source operating in positive and negative ion mode. Nitrogen was used as the drying and nebulising gas. The drying gas flow rate and temperature were 10 L/min and 350 • C, respectively. The nebulizer gas pressure was 45 psi. The applied capillary and the fragmentor voltages were optimized by infusion of the standard solution of tolvaptan at a concentration of 10 g/mL . For this purpose, a 1 mL syringe operated by a syringe pump at a flow-rate of 10 L/min was utilized. Mass spectral data were collected from m/z 100 to 1100 at 9300 transients per second. All other MS parameters (transfer optic voltage, voltage of the ion focus and octapole lens, TOF voltages, and detector voltage) were automatically optimized by the daily-performed instrument autotuning procedure. The mass calibration was also performed daily before starting the analysis using a calibration solution provided by the manufacturer.
Purine with an [M+H] + ion at m/z 121.0509 and an Agilent proprietary compound (HP0921) yielding an ion at m/z 922.0098 were simultaneously introduced via a second orthogonal sprayer, and these ions were used as internal calibrants along all the analysis. All aspects of instrument control, tuning, method setup and parameters, sample injection and sequence operation were controlled by the Agilent Technologies Mass Hunter software version B.02.01.
Results and discussion
LC-MS(/MS)
Mass spectrometric conditions
Instrumental parameters in MS and MS/MS were optimized by infusing the standard of tolvaptan dissolved in the mobile phase at a concentration of 10 g/mL.
The full-scan MS analysis was first performed, both in positive and negative ionization modes, to identify and to optimize the conditions for the acquisition of the molecular ion. While no signals were obtained in full scan spectrum acquired in negative mode, abundant signal was recorded in positive mode for the protonated molecular ion [M+H] + at m/z 449. The signal of the protonated molecular ion was then optimized evaluating different mass spectrometric parameters. For the time-of flight system the best conditions were obtained using a fragmentor voltage of 175 V, an ion source temperature of 350 • C, a capillary voltage of 4000 V, a nebulizer gas pressure of 45 psi and a flow of the drying gas of 10 L/min. For the triple quadrupole, optimal results were obtained using a curtain gas pressure of 25 psi, a source temperature of 500 • C, an ion source gas 1 (auxiliary gas) pressure of 35 psi, an ion source gas 2 (nebulizer gas) pressure of 40 psi, a declustering voltage of 60 V, and a needle voltage of 5500 V.
Subsequently, MS/MS experiments were carried out at different collision energies (25, 30, 35, 40, 45, 50 and 60 eV) to obtain information about the fragmentation patterns of tolvaptan and to select representative structural markers. The protonated molecular ion [M + H] + undergoes extensive fragmentation also at the lowest collision energy tested, as result of the amide bridge cleavage between the benzazepine core and the rest of the molecule, leading to the formation of an abundant fragment ion at m/z 252 and of a minor fragment ion at m/z 178 (see Fig. 1 ). At higher collision energy, fragment ions corresponding to the cleavage at level of the methyl-benzamide portion were also detected at m/z 119 and 135 (see again Fig. 1 ).
Chromatographic conditions
In parallel to the development of the mass spectrometric acquisition methods, the chromatographic separation was optimized to ensure proper discrimination of the unknown compounds and other peaks from the background, and to obtain a good resolution between compounds that show the same precursor ion and fragmentation pattern, such as for example the mono-hydroxylated metabolites of tolvaptan. Different mobile phases composition (methanol/water or acetonitrile/water), mobile phase modifiers (formic or acetic acid and ammonium formate or acetate), column temperatures (20, 30, 40 and 60 • C) and column length (5, 10 and 15 cm) and particle characteristics and sizes (5, 3.5 and 2.7 m) were evaluated. The best selectivity, sensitivity and peak shape were obtained using a column length of 10 cm with internal diameter of 2.1 mm and particle size of 2.7 m, a column temperature of 40 • C, acetonitrile and water as mobile phase solvents and 0.1% of formic acid as mobile phase modifier. The selected gradient program started at 10% B and increased to 30% B in 10 min, after 4 min, to 40% B, after 3 min, to 60% B in 5 min, and then after 4 min to 100% B. The flow rate was set at 0.25 mL/min and the column temperature at 40 • C. Fig. 2B shows the extract chromatogram obtained analyzing the sample obtained incubating tolvaptan in the presence of HLM, under the optimized chromatographic conditions. As it can be seen, a satisfactory separation between compounds with the same precursor ion and fragmentation pattern was obtained (see Table 1 for the selected precursor ions).
Development of the in vitro protocols
The in vitro phase I metabolism protocol was optimized considering the data already reported in literature [25] [26] [27] and the protocols already utilized in our laboratory to study drug metabolism [28] [29] [30] . In details, to obtain a good correlation with the in vivo metabolism data available in the literature [19, 20] , we comparatively evaluated different experimental conditions, using different solvents (methanol, DMSO and acetonitrile), buffers In addition, to minimize the effect of intra-individual variation and to present an "average enzyme activity", the microsomal preparations selected in this study were obtained from a pool of 20 Caucasian mixed male and female donors of different ages.
The best results were obtained using as substrate solvent DMSO (the total amount of DMSO in the final assay was 1%), a substrate concentration of 20 M, a proteins concentration of 0.5 mg/mL, phosphate buffer 0.1 M at pH 7.4, and an incubation time of 2 h. Fig. 2A -B report the extracted chromatograms of samples obtained after the incubation of tolvaptan in the absence ( Fig. 2A) and in the presence (Fig. 2B ) of HLM. Twenty compounds not detected in the sample incubated in the absence of HLM were identified, including those (hydroxylated and carboxylated) described by Rzeppa et al. [20] , thus confirming that the in vitro protocol and the analytical procedures set up in this study can be used to reliably reproduce the metabolic profile of tolvaptan in human.
Characterization of the phase I and II biotransformation pathways of tolvaptan
The samples from the in vitro assays were first analyzed by the time-of flight system in full scan acquisition mode to obtain information about the elemental composition of the compounds formed after the incubation of tolvaptan with HLM. Samples were then analyzed by the triple quadrupole system in MRM acquisition mode to detect the metabolites produced in low concentration and not detectable using the time-of flight system, as well as to obtain additional structural information. Being the metabolites of tolvaptan not available in our laboratory, the ion transitions utilized to develop the MRM method (see Table 1 for the ion transitions selected for tolvaptan and its metabolites) were obtained by calculating the protonated molecular ion [M+H] + of the potential tolvaptan metabolite (postulated after in silico investigation) and by selecting the characteristic fragmentation routes found in the product ion spectrum of tolvaptan (see Fig. 1 ), assuming a similar fragmentation behavior also for the phase I metabolites. The analysis of the in vitro samples using the time-of flight system in full scan acquisition mode allowed the isolation of 16 compounds, all containing the characteristic chlorine isotope pattern (see Table 1 for the elemental composition) and none of them present in the negative control sample obtained incubating tolvaptan in the absence of HLM. Four additional compounds (M8, M9, M10 and M19) were detected using the MRM method here developed (see Fig. 3 for the postulated structures of the compounds detected). The structural elucidation of the detected compounds was conducted on the basis of both the elemental composition and the presence or absence of the representative structural markers selected (characteristic portions of the molecular structure that is common to tolvaptan and its metabolites: m/z 119, 135, 178 and 252, see again Fig. 1) . More in details, the following evidence was obtained by means of the data obtained using both the time-of flight (in full scan and product ion scan as acquisition modes) and the triple quadrupole (in MRM as acquisition mode) systems:
• three chromatographic peaks at retention times of 7.6, 8. The difference of 32 Da might be generated either by the presence of two hydroxyl groups or by the cleavage of the benzazepine core with carboxylation. The second option seems to be more probable due to both the retention time and the data reported in literature [19, 20] .
• one chromatographic peak at retention time 10.8 min (M9) with precursor ion at m/z 361 and molecular weight 360 Da, 2 Da lower that the dealkylated carboxylated metabolite (M8, MW 362 Da). The cleavage of the benzazepine core with carboxylation and oxidation was postulated; • one chromatographic peak at retention time 11.2 min (M10) with precursor ion at m/z 329 and molecular weight 328 Da, 2 Da lower than the dealkylated metabolite (M3 and M6, MW 330 Da). Therefore, the cleavage at level of the methyl-benzamide portion and the oxidation of the hydroxyl group on the benzazepine unit were supposed as the most feasible metabolic modification; Table 2 Enzymatic isoforms involved in the phase I metabolism of tolvaptan. Compound  CYP1A2  CYP3A4  CYP3A5  CYP2B6  CYP2C8  CYP2C9  CYP2C19  CYP2D6 M1 N-dealkylation mono-hydroxylation
ID
N-dealkylation carboxylation (cleaved benzazepine ring)
N-dealkylation carboxylation oxidation (cleaved benzazepine ring)
Carboxylation (cleaved benzazepine ring)
Mono-hydroxylation oxidation (cleaved benzazepine ring)
Mono-hydroxylation (cleaved benzazepine ring)
Carboxylation oxidation (cleaved benzazepine ring)
• four chromatographic peaks at retention times 11.3, 11.6, 11. Therefore, dihydroxylation or carboxylation associate with reduction could be supposed for this metabolite. The presence of the representative structural marker at m/z 252 and the absence of the structural markers at m/z 178 indicate that the modification involve the benzazepine unit. Being the retention time of this metabolite higher than the hydroxylated metabolites the cleavage of the benzazepine unit associated with carboxylation were supposed as the most feasible metabolic modifications; • one chromatographic peak at retention time 11.9 min (M16) presenting the elemental composition of tolvaptan (C 26 . Therefore, the detected compound could be assigned as oxidized metabolite.
The phase I biotransformation product formed in highest amount was the dealkylated metabolite (M6) followed by dealkylated mono-hydroxylated (M4), mono-hydroxylated (M11, M13 and M14), mono-hydroxylated oxidized with cleaved benzazepine ring (M15) and carboxylated (M12) metabolites. Furthermore, the phase I metabolites also underwent glucuronidation in our experimental conditions. Fig. 4A -B report the extracted chromatograms obtained by analyzing the phase I and phase II aliquots obtained by the in vitro samples: as it can be seen most of the metabolites can be found both in the free and glucuronide fraction, contrarily to what was reported by previous investigators [20] . To define the relative contribution of individual CYP isoforms to the overall metabolic rate of observed biotransformation, tolvaptan (at a concentration of 20 M) was incubated exclusively with each one of the cDNA expressed CYP450 isoforms selected in this study, these being CYP1A2, CYP3A4, CYP3A5, CYP2B6, CYP2C8, CYP2C9, CYP2C19 and CYP2D6. The results obtained are reported in Table 2 : CYP450 isoforms mainly involved in the phase I metabolism of tolvaptan are the CYP3A4 and the CYP3A5, confirming the results reported in literature [18] . To confirm these results, tolvaptan was then incubated with pooled human liver microsomes in the presence of different concentration (2, 4, 10 and 20 M) of a specific inhibitor of the CYP3A subfamily (i.e., ketoconazole). The results of this set of experiments show that in the presence of ketoconazole a significant decrease in the production of the phase I metabolites was registered at all the concentrations evaluated (data not shown), confirming the prominent role of the CYP3A subfamily in the phase I metabolism of tolvaptan.
UGTs
Concerning the characterization of the UGT isoforms involved in the glucuronidation of tolvaptan and its metabolites, the phase I metabolites were extracted from in vitro samples and after evapora- tion were incubated with exclusively each one of the recombinant human UGT isoforms selected in this study, these being UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A10, UGT2B4, UGT2B7, UGT2B10, UGT2B15 and UGT2B17. The results of this set of experiments show for the first time that the isoforms mainly involved in the glucuronidation of tolvaptan are the UGT2B7 (39%) and UGT2B17 (31%), with a minor contribution also from other isoforms.
3.5. Effects of physiological and non-physiological factors on the metabolic profile of tolvaptan 3.5.
Physiological factors
To investigate the effect of physiological factors (gender and genetic polymorphism) in altering the in vitro phase I metabolic profile of tolvaptan, in vitro assays were performed incubating tolvaptan (i) in the presence of either HLM exclusively from either female or male donors, to investigate gender differences, (ii) in the presence of HLM containing exclusively the different CYP3A5 allelic variants (without activity CYP3A5 *3*3, moderate activity CYP3A5 *1*3 and high activity CYP3A5 *1*1), to evaluate genetic differences. Fig. 5A -B report the results obtained analyzing, using the MRM method set up in this study, the samples obtained incubating tolvaptan in the presence of either HLM from female or male donors: as it can be noticed, no appreciable differences were registered in our experimental conditions. Fig. 6A -C report the results obtained analyzing, using the MRM method set up in this study, the samples obtained incubating tolvaptan in the presence of HLM containing different CYP3A5 allelic variants (without activity CYP3A5 *3*3, moderate activity CYP3A5 *1*3 and high activity CYP3A5 *1*1): as it can be seen, significant differences were registered depending on the specific allelic variant. More in details, in the presence of the allelic variant CYP3A5 *1*1, the formation of the phase I metabolites of second step (e.g., dealkylated hydroxylated metabolites) appeared to be faster if compared to the other CYP3A5 allelic variants (CYP3A5 *3*3 and CYP3A5 *1*3).
Non-physiological factors
To investigate the effect of drug-drug interactions in altering the in vitro phase I metabolic profile of tolvaptan, inhibition studies were performed by incubating tolvaptan with either HLM or the cDNA expressed CYP450 isoforms mainly involved in the biotransformation pathways observed (specifically, CYP3A4 and CYP3A5), in the absence and in the presence of the CYP450 inhibitors selected in this study (econazole, ketoconazole, miconazole, tioconazole, gestodene and levonorgestrel), in the same experimental conditions set up in this study. Fig. 7A-C show the results obtained analyzing, using the MRM method here set up, the samples obtained incubating tolvaptan (20 M) with HLM in the absence (control) and in the presence of different concentrations (2, 4, 10 and 20 M) of econazole (Fig. 7A), miconazole (Fig. 7B ) and tioconazole (Fig. 7C) . The levels of all the metabolites were significantly reduced in the presence of all the imidazole antifungals tested, being this effect most evident in the presence of ketoconazole (a well-known inhibitor of the CYP3A subfamily, data not shown) econazole and miconazole, but still significant also in the case of tioconazole. The formation of the metabolites is reduced by more than 50% in the presence of the tested imidazole antifungals at a concentration lower than 2 M. On the contrary, in the presence of the steroidal progestins the reduction was less evident, and observed only at the highest concentrations studied (data not shown).
Conclusions
The analytical strategy and the in vitro protocols here proposed, already successfully applied in similar, previous studies, allowed the isolation and mass spectrometric identification of 20 metabolites of tolvaptan, several of which, to the best of our knowledge, never described before. The phase I metabolic reactions include hydroxylation in different positions, oxidation, hydrogenation, dealkylation, carboxylation, isomerization and combinations of the above, being the dealkylated (M6), the dealkylated monohydroxylated (M4), the mono-hydroxylated (M11, M13 and M14), the mono-hydroxylated oxidized with cleaved benzazepine ring (M15) and the carboxylated (M12) metabolites the most abundant phase I biotransformation products. The enzymatic isoforms (20 M) in the presence of HLM containing the different CYP3A5 allelic variants: without activity CYP3A5 *3*3 (A), moderate activity CYP3A5 *1*3 (B) and high activity CYP3A5 *1*1 (C).Detection was performed using the SRM method set up in this study. mainly involved in the phase I biotransformation pathways of tolvaptan are the CYP3A4 and the CYP3A5. Once formed, most of the phase I metabolites undergo glucuronidation by UGT2B7 and UGT2B17 isoforms, underlying the necessity to perform enzymatic hydrolysis during the sample preparation or to screen for both the free and conjugate form of the compounds detected. No significant differences in the phase I metabolic profile were registered after incubation of tolvaptan in the presence of either pooled female or male HLM, showing that the metabolic processes are gender independent, whereas significant differences were registered in presence of HLM containing the different allelic variants of the CYP3A5 isoenzyme.
On the basis of the above results, metabolites M6 and M11-M15, both in the free and in the glucuronated form, appear to be the most suitable urinary diagnostic markers for the detection of tolvaptan intake in doping control. Concerning the effects of drug-drug interactions, significant alterations were registered in the presence of different imidazole antifungals: the metabolic products of tolvaptan were produced in very low levels also at the lowest concentrations of the inhibitors tested, confirming the utility of the screening in urine of the presence of this class of non-prohibited drugs (and/or their diagnostic metabolites) in doping control analysis.
Finally, even if all the chemical structures postulated in this study, based on mass spectrometric data, need to be unambiguously confirmed by additional spectrometric evidence (e.g., NMR spectroscopy of the pure metabolites), nonetheless the results of the current study constitute the basis for a variety of future researches aimed to assess the effects of gender, genetic polymorphisms and drug-drug interactions on the fate of vaptans in the human body. This information will be useful to further refine the selection of the most appropriate marker(s) of administration also in the presence of potential confounding factors (e.g., antifungals). Indeed, as already demonstrated in previous researches carried out in our laboratory [28] [29] [30] [31] , both genetic polymorphism and drugdrug interactions may not only significantly alter the metabolic profile of the drug, but can also affect the rate of its urinary excretion, leading to significant alteration of the windows of detection of the markers selected to detect its intake. The relevance of the above discussion becomes more evident considering that the enzymes mainly involved in the biotransformation pathways of vaptans are reported to be either polymorphic (e.g., CYP3A5) or subjected to drug-drug interactions (e.g., CYP3A4), thus underlining that the study of genomic and environmental mechanisms is crucial in the development of the analytical methods utilized in forensic investigations.
